In a recent paper, a minimal supersymmetric (SUSY) SO(10) × S 4 based unified model of flavor for quarks and leptons was proposed with two 10 and one 126 contributing to fermion masses. An important aspect of this model is that Yukawa couplings emerge dynamically from minimization of the flavon potential, thereby reducing the number of parameters considerably.
I. INTRODUCTION
The measurement of neutrino masses and mixings during the past decade has provided the first evidence for physics beyond the standard model (SM). It has also raised the possibility that this new knowledge may help to unravel the physics of flavor and also possibly unlock the mystery behind the origin of matter in the universe. An important recent experimental finding in this area has been the announcements by the T2K [1] , MINOS [2] and Double CHOOZ [3] experiments that one of the hitherto unknown neutrino mixing angles, namely θ 13 , may not only be non-zero but could be "large". The result is, however, still preliminary, and more results are awaited from ongoing as well as near future experiments [4] . Some hints for a large θ 13 have also been suggested by a global analysis of the existing oscillation data [5, 6] . A non-zero θ 13 has profound implications for our understanding of the physics of neutrino mass, and it is therefore timely to search for the prediction of θ 13 in various models [7] .
A key question before theorists now is: what is the big picture of flavor where known quark and lepton masses and mixings fit together? A framework that suggests itself is grand unified theories (GUT), where all matter and all forces (except gravity) unify at high energy scale. Since single-step coupling unification in these theories requires supersymmetry (SUSY), we will focus on SUSY-GUTs for approaching the flavor problem and use the seesaw mechanism [8] to understand the small neutrino masses. A possible advantage of this framework is that matter unification is expected to reduce the number of free parameters that determine fermion masses and mixings from 31 parameters in the seesaw extended standard model, so that one can make predictions to make the model testable. The minimal scenario which is predictive for neutrinos is a renormalizable supersymmetric SO(10) model with 10 and 126 Higgs fields contributing to fermion masses [9] . This model embodies both the type-I and type-II [10] seesaw contributions to neutrino masses and has been analyzed in many papers [11] [12] [13] . Fitting charged fermion masses in these models leads to predictions for lepton mixing angles and will be tested with higher precision measurement of these angles and the neutrino mass hierarchy. Detailed analysis of the superpotential and symmetry breaking for these models have been carried out in Ref. [14] . The next step with these models is to see if Yukawa couplings can be predicted as consequences of higher-scale symmetries. There have been several such approaches [15] [16] [17] [18] which adopt the point of view that Yukawa couplings are dynamical fields, namely the flavon fields, whose vacuum expectation values (vevs) determine the observed Yukawa couplings. If these vevs could be the result of the minimization of simple superpotentials, that would reduce the number of parameters and would indeed be a step further in the search for an understanding of flavor. In a recent paper [16] , such a model was presented where the GUT scale SO(10) theory was extended to include three flavon fields with an SO(10) × S 4 symmetry, where the flavon fields, as well as the three matter families, form a three dimensional irreducible representation of S 4 .
It was shown in [16] that the ground state of the SO(10)×S 4 theory has only 11 parameters describing all flavor, i.e. quark and charged lepton masses and quark mixings as well as neutrino masses and lepton mixings. Using pure type II seesaw contribution, it was argued that the model is in qualitative agreement with observations. In this paper we present a detailed numerical analysis of this model and its predictions in the neutrino sector as well as for proton decay. We find that once we include the SUSY threshold corrections to quark masses and a small type-I contribution to neutrino masses, all existing data in the quark and charged lepton sector can be fitted to a good accuracy; furthermore, the model predicts the solar to atmospheric mass ratio ∆m 2 ⊙ /∆m 2 atm and the solar and atmospheric mixing angles in agreement with the current neutrino oscillation data. In addition, it predicts the reactor mixing angle θ 13 as well as the Dirac and Majorana phases in the leptonic mixing matrix, which can be used to test the model. In particular, some outstanding features of the predictions are: a value of θ 23 ≥ 48
• , 4.5
• , and a Dirac CP phase of 144
• . We will demonstrate the determination of these features, and also note the correlation between the different parameters, which can make it easier to rule out the model.
We also find that in order to get the desired threshold corrections to the bquark mass to fit observations, we need a large negative µ and/or A-terms in the model.
We discuss predictions for Higgs mass for this choice of MSSM parameters, and find that the Higgs mass should be below 129 GeV in order to satisfy the constraints from the fermion sector fit. We also obtain lower limits on the squark masses from the same constraints. In particular, we note that if the Higgs mass is discovered between 120-128
GeV, the light stop should be heavier than 755 (211) GeV for µ > 0 (µ < 0) in this model.
These features could be used to test the model at the LHC.
Finally, we discuss proton lifetime predictions in this model. We find that in order to suppress the RRRR contributions to proton lifetime, we need to work in the low tan β regime, which is the reason we need a large A-term for the threshold correction, as noted above. We find that the B-violating LLLL -terms contribute dominantly to p → K +ν µ decay mode for which we find a partial lifetime of ∼ 10 34 yrs. We emphasize that proton lifetime predictions as well as the predictions for neutrino mixings can be used to test the model.
The paper is organized as follows: in Section II, we present the essential points of the minimal SO(10) × S 4 model; in Section III, we discuss the fermion mass fits and the predictions for the neutrino sector; in Section IV, we discuss the SUSY threshold correction required to fit quark masses and its implications for gluino, stop and the Higgs masses in the model. In Section V, we discuss our predictions for proton lifetime and in Section VI, we summarize our results.
II. DETAILS OF THE MODEL
The class of SO (10) 
where ψ's denote the 16 dimensional spinors of SO (10), which contain all the matter fields of each generation; there are, of course, three such fields, though we have suppressed the generation indices. The Yukawa couplings are therefore 3×3 matrices in generation space.
The effective Yukawa couplings f, h, h ′ are assumed to have descended from a higher scale theory which has an S 4 symmetry broken by flavon fields with particularly aligned vevs (see e.g. Ref. [16] ). We do not need to know the detailed form of these flavon interactions for our analysis in this paper, and we will simply write down the effective form of h, h ′ , and f that follow from it. Before doing that, we wish to point out that it is the f coupling which is responsible for neutrino masses via seesaw mechanism; it also contributes to charged fermion masses.
The fermion mass matrices are derived from the Yukawa interaction as follows: after GUT symmetry breaking, two linear combinations of the SM doublets remain light, denoted by H u and
, and similarly for H d . The fermion mass matrices can be written in terms of these couplings as
where we have absorbed the mixings (U uα , U dα ) and the vevs H u,d = κ u,d , with tan β = κ u /κ d , to re-define the Yukawa coupling matrices as follows:
with the ratios
These effective coupling matrices determined by the flavon sector are of the
It was shown in Ref. [16] that S 4 symmetry constrainsh to have the above rank-one form.
The parameters m 0 , m 1 , δ are chosen to be complex, giving a total of 10 parameters in the charged-fermion sector.
The neutrino mass matrix is, in general, given by a combination of the type-I and II seesaw mechanism:
where v L,R are the vevs of the SM triplet Higgs fields ∆ L,R in 126. If we assume type-II dominance, imposed by the ratio of v L and v R , and the magnitude of the coupling f , the neutrino mass matrix M ν takes an approximate tri-bimaximal (TBM) [19] form via the form of f given in Eq. (6), which is diagonalized by
Note that the full neutrino mixing matrix, U P M N S = V † ℓ V ν , where V ℓ and V ν are the unitary matrices that diagonalize the charged lepton and neutrino mass matrices, respectively.
Hence, we will necessarily have corrections to the TBM mixing given by Eq. (9) coming from the charged lepton mass matrix as well as the type-I contribution. Note further that since the f matrix also contributes to the quark and charged lepton masses, neutrino masses and quark masses are connected, thus making the model predictive.
III. PREDICTIONS IN THE NEUTRINO SECTOR
We diagonalize the mass matrices given by Eqs. (2) and use the Minuit2 tool library [20] to minimize the sum of chi-squares for the mass eigenvalues and CKM mixing in the charged-fermion sector as well as the mass-squared differences ∆m 2 ⊙ and ∆m 2 atm in the neutrino sector. We note that a small but non-zero type-I contribution is required in the neutrino mass matrix given by Eq. (8) , in order to have a consistent fit with the correct mass squared ratio ∆m 2 ⊙ /∆m 2 atm ; on the other hand, a large type-I contribution will spoil the TBM structure given by Eq. (6) and hence results in too small mixing angles.
A balancing of the two is required in order to satisfy the observed neutrino oscillation data. We also note that SUSY threshold corrections to the down quark mass matrix [22] must be included in order to get a consistent fit for the charged fermion sector. The details of this analysis are given in Section IV. Also, as discussed in Section V, the proton decay constraints are satisfied only for low tan β in this model, as the Yukawa couplings responsible for the proton decay rates grow with tan β. Hence, we have chosen tan β = 10 for our numerical analysis given below.
83.06 The fit results are displayed in Tables I and II; Table I gives the numerical values of the model parameters yielding the best fit values shown in Table II . Here, α is the mixing angle for the third generation matter fermion ψ with the vector-like field ψ V specific to the model [16] ; the limit α = 0 gives the form for the mass matrices dictated by S 4 symmetry, as given by Eqs. (6) exactly, and the fit value of α = 5
• approximates this limit. With this in mind, note that the top quark mass in the model is given by
In the neutrino sector, as noted earlier, the correct mass squared ratio ∆m between the type-I and type-II contributions, and then the overall scale is determined from the largest mass eigenvalue, assuming a normal hierarchy. We find that for the best fit parameters shown in Table I , and for v R = 2.0 × 10 16 GeV (same as the GUT scale), v L = 6.810 eV yields the right neutrino mass scale with m 3 ∼ 0.05 eV. For estimating the proton decay rates as well as for the neutrino masses and mixing, we must extract the magnitudes of the raw yukawa couplings h, f, h ′ , which can be done using the expressions in Eq. (3). However, these couplings depend on the vev mixing parameters U qα , and hence, there is some freedom in their determination, although the unitarity constraints on the U's, α |U qα | 2 ≤ 1, and the top-quark mass relation in this model, given by Eq. (10), provide some restriction on these mixing parameters. The values chosen for the up-type mixings are U uH = 0.40, U u∆ = 0.4033, and U uH ′ = 0.72, and using the fit values for the r's from Table I 
The predicted values for the neutrino mixing parameters corresponding to the best fit parameter values in the model given in Table I are summarized in Table III; the correlations between the different parameters in the neutrino sector are shown in the scatter plots of Figure 1 . We find that a consistent fermion sector fit in this model predicts the reactor mixing angle θ 13 to be non-zero and within a very narrow range 4.5
which, though not "large", is well within the 3σ lower bound of the recent experimental results [1] [2] [3] . The model also predicts a large atmospheric mixing angle, θ 23 , and a specific correlation with the solar mixing angle (Fig. 1 
IV. THRESHOLD CORRECTION AND LOW ENERGY MASS SPECTRUM
In order to compare the fermion masses and mixing values obtained from the model at the GUT scale with the experimental values at the weak scale, we must take into account the SUSY threshold correction effects [21, 22] . There are two main contributions to the SUSY threshold correction to the fermion masses: one coming from the gluino loop and another from the chargino loop. The largest correction is for the bottom mass, which is given by [21] 
where
and the function I 3 is given by
Similarly, if we do not add any off-diagonal threshold corrections, the CKM mixings involving the third generation receive corrections as follows [21] :
However, once off diagonal threshold corrections are included, there are further changes to CKM mixing, which we take into account in our numerical analysis.
From the numerical fit, we find that at the GUT scale, without including the threshold corrections, some of the best-fit values predicted by the model do not agree with experimental values extrapolated to the GUT scale (see Table II ). In particular, we find m b = 1.37 GeV, |V ub | = 0.0015, |V cb | = 0.0160, |V td | = 0.0047, |V ts | = 0.0153. (17) Comparing these values with the experimental values, we note that large negative threshold corrections are required for the model to have a consistent fermion-sector fit. We parameterize the SUSY threshold corrections at the GUT scale by modifying the third generation elements of the down-quark mass matrix as follows:
and M d is given by Eq. (2). The required threshold corrections at the GUT scale are:
Note that these threshold corrections, when extrapolated down to the weak scale and added to the RG-extrapolated values of the b-quark mass and the CKM mixing parameters, yield results within 1σ range of the experimental values at M Z .
At the weak scale, it is clear from Eqs. (13) and (14) that for the large negative threshold corrections given by Eq. (19), we must have µ < 0 if the gluino term is dominant, or opposite signs for µ and A t if the chargino contribution is dominant. These observations have important consequences for the MSSM light Higgs mass as well as the sparticle spectrum, as shown below.
The one-loop radiative correction to the MSSM light Higgs mass is given by [25] 
where mt 1,2 are the stop mass eigenvalues, which are obtained by diagonalizing the matrix
Note that the same mass parameters, namely the gluino and third generation squark masses as well as the trilinear term A t , appear in the threshold correction and Higgs mass correction. Given that this model requires a large threshold correction to have a consistent fit in the fermion sector, we expect some correlation between the two corrections. To show it quantitatively, we have chosen the simplest case of mSUGRAtype GUT scale spectrum, as an illustration, although our results do not depend on the assumption of mSUGRA. Here we scan over the parameter space for 200 GeV ≤ m 0 ≤ 2 TeV, 200 GeV ≤ m 1/2 ≤ 2 TeV, −5 TeV ≤ A 0 ≤ 5 TeV and tan β = 10, using the ISAJET package [26] . The results are shown in Fig. 2 , from which we find that the lightest Higgs mass is required to be below 129 (128) GeV for µ < 0 (> 0) to satisfy the bottomquark mass constraint (vertical red shaded region) in this model. The horizontal green shaded region shows the range of Higgs mass in which a mild excess of events has been recently reported at the LHC [27] . [24] . The horizontal (green) shaded region shows the range in which ∼ 3σ excess of events for SM-like Higgs were observed recently at the LHC [27] .
The correlations between the gluino mass and the light stop and sbottom masses for the required threshold corrections (shaded region in Fig. 2 ) are shown in Fig. 3 . We find that the large threshold correction requirement in this model requires the gluino to be always heavier than the light stop, but not necessarily heavier than the light sbottom. Moreover, for gluino masses satisfying the current LHC lower bound of 1.1 TeV [28] and for Higgs mass between 120-128 GeV, we find a lower limit for the stop mass of 755 (211) GeV for µ > 0(< 0) and similarly for the sbottom mass of 1013 (895) GeV. The milder limit on the squark masses for µ < 0 is because of the fact that in this case, the required negative threshold corrections can be obtained from both gluino and chargino contributions (c.f. Eq. (13) and (14)), thus allowing for the A t , A b values necessary for light stop and sbottom masses, respectively. However, for µ > 0 case, the gluino contribution is of the wrong sign, and hence we must have very large negative A t values to obtain the required threshold corrections. corresponding to the shaded region in Fig. 2 . The dashed line is for gluino mass equal to the relevant squark mass in the plot. The red shaded region is ruled out by the current LHC data [28] .
V. EXPECTATIONS FOR PROTON DECAY
We now turn to a discussion of proton lifetime in our model. As experimental limits on proton lifetimes keep increasing, many simple SUSY-GUT models have either been ruled out or become more and more constrained. It is therefore important to ensure that any GUT model for neutrino masses is consistent with those limits. As is well known, the dominant contributions to proton decay comes from color triplet Higgsino exchange in these modes [29] and can in general lead to large proton decay amplitudes [30] . It was suggested in Ref. [31] that one way to suppress this amplitude without invoking cancellations is to choose appropriate flavor structure for the Yukawa couplings. The current model falls into this category where the existence of small elements in h, h ′ and f matrices leads to the expectation that we should be able to satisfy the proton decay constraints without any cancellation. Let us now see how this occurs using the fit for Yukawa couplings we obtained in the previous section.
The colored Higgs triplets, φ T + φT : ((3, 1, −1/3) + c.c.) responsible for proton decay in our model arise from 10 + 10 ′ + 126 + 126 + 210 multiplets. Once the triplet fields φ T and φT are integrated out, both LLLL (C L ) and RRRR (C R ) operators leading to proton decay emerge :
The color triplet φ T,T fields are linear combinations of six fields, two of them arising from two 10's, three of them arising from 126 + 126 and one from 210. This leads to a 6 × 6 dimensional mass matrix for the triplets: (φT ) a (M T ) ab (φ T ) b . One can write the dimension five operators in terms of the couplings h, h ′ and f as follows:
Similarly, we can write C RRRR operator (and change x i 's to different coefficients y i ). The
T ) 11 and the coefficients x i and y i are also given by the components of M −1 T . The proton decay amplitude can be written as
whereÃ = cÃ hh + x 1Ãhf + ... using the c's and x i s given in Eq. (22), and β p is the nucleon matrix element of the three-quark operator. In our calculation we use mq = 1. lifetimes for other flavors of ν are found to be larger. Similarly, the partial lifetimes for other decay modes, e.g., n →ν µ π 0 are found to be much larger of O(10 38 ) years. We should emphasize here that, in order to generate these numbers, we did not invoke any cancellation. The smallness of the elements of the Yukawa coupling matrices are sufficient in suppressing the decay rates. We note that the lifetime of the mode p →ν µ K + is within the search limit of the proposed Hyper-Kamiokande experiment [32] .
VI. SUMMARY
We have analyzed the predictions of a minimal SO ( • − 6
• , which is in the current experimentally preferred range. With more accurate determination of θ 13 -especially its correlation with θ 23 , which our model predicts to be strictly larger than 45 • -the model could be tested in near future. The model also predicts a normal hierarchy for the neutrinos and hence an effective neutrino mass in neutrino-less double beta decay which is a few milli-electronvolts and is thus not observable in the current round of the searches for this process. The proton lifetime for p →ν µ k + decay mode can be 10 34 years. Finally, the successful fit for fermion masses require the Higgs mass to be below 129 GeV in this model and put lower bounds on the third generation squark masses which are well within the reach of LHC.
